Abstract Hypertensive renal disease occurs at increased frequency among the relatives of patients with this disease compared to individuals who lack a family history of disease. This suggests a heritable risk in which genetic variation may play a role. These observations have motivated a search for genetic variation contributing to this risk in both experimental animal models and in human populations. Studies of animal models indicate
Introduction
The introduction of life-saving renal dialysis therapy for patients with end-stage renal disease (ESRD) created a dilemma in medical practice prompted by the availability and cost of this treatment. In the United States, a decision was made that federal Medicare funds would support this treatment so that rationing of therapy and the difficult process of developing patient selection criteria could be largely avoided. A decision was also made to track data from individuals reaching ESRD by creating a national register and compiling a number of attributes from patients entered into the register. This has provided a clear view of the growth in incidence of ESRD over the last decades as well as in the co-morbid conditions to which loss of renal function was attributed [1] . Diabetes and high blood pressure are the main diseases correlated to renal disease ( Fig. 1 ) and the growth in frequency of these two co-morbidities may have made an important contribution to increased incidence of ESRD. However, co-morbid conditions correlated with ESRD are themselves not well segregated, so many subjects in whom ESRD is attributed to diabetes are also likely to have hypertension because of the frequent concurrence of these diseases. Most importantly, the presence of declining renal function well in advance of ESRD is strongly associated with early occurrence of other cardiovascular disease, so that in most patients the decline in renal function is more often interrupted by death from cardiovascular disease than progression to ESRD [2, 3] . Among those reaching ESRD, the prognosis is poor, with 5-year mortality similar to that of patients diagnosed with metastatic cancer and with a total annual mortality approximately equal to that of breast and prostate cancer combined.
End-stage renal disease is recognized principally by a decline of glomerular filtration rate that is estimated indirectly through the accumulation of creatinine, or other markers, in serum that are excreted by glomerular filtration and which are produced at a relatively constant rate. Loss of filtration function is usually associated with and preceded by varying degrees of protein loss in the urine. The progression of disease within the kidneys of hypertensive patients that leads to loss of functional glomeruli and tubules and their irretrievable replacement with scar are usually monitored only by their effects on downstream markers. The underlying disease mechanisms in the renal tissue are not routinely sampled for diagnosis and monitoring and are generally not understood. The fact that risk of decline in renal function is not distributed randomly among patients with diabetes and hypertension, but rather shows clustering in families suggests a heritable mechanism of risk. This in turn provides an attractive opportunity: by defining the genes and variants that create heritable susceptibility, insight may be obtained into the mechanisms by which some individuals resist advancing disease while others succumb. From such insight, the current vacuum of therapy that specifically targets disease mechanisms might be filled. This review will consider the evidence that susceptibility to progressive renal disease in hypertension aggregates in families, review the approaches used to seek genes involved in such susceptibility and the progress that has resulted, and will examine other areas in which progress towards understanding how kidneys get injured in some hypertensive patients may occur.
The familial origins of hypertensive renal disease
Most hypertensive patients do not develop kidney disease [4] . Patients developing renal disease and advancing to ESRD often have relatives that also experience progressive loss of renal function [5] . This increased occurrence among relatives can indicate risk created by allelic sharing and can suggest future disease risk in individuals with predisposing diseases such as diabetes and hypertension. The concurrence of renal disease among relatives has been assessed in several studies and in several populations. In the southern US, nearly 19 % of ESRD patients with hypertension had a first or second-degree relative with ESRD [6] . Familial risk does not appear to be equal among individuals of different racial origins. This also suggests the possibility of heritability because the genetic variation creating risk is likely to be present at different frequencies in different populations. Compared to Caucasians, persons with African ancestry that are treated with dialysis were observed to have a higher likelihood of a first or second-degree relative with ESRD (*23 vs. 14 %) [6] .
The role of the kidney in contributing to blood pressure regulation suggests that the relationship between hypertension and renal disease might be cause and effect. So it is necessary to determine whether familial risk of ESRD is confounded by the familial aggregation of hypertension or whether risk of renal disease arises independently. This question has been investigated to reveal that when family history of hypertension and other potential risk-aggravating factors are controlled for, ESRD risk is preserved among related individuals [7] . Interestingly, similar observations have been made regarding risk of progressive renal disease in diabetics [8] [9] [10] [11] , suggesting that both hypertension and diabetes are co-morbid with renal injury, but in both these pre-disposing conditions the susceptibility to adverse renal outcomes is largely determined by independent familial risk.
Several animal models illuminate this issue of independence of risk for renal damage in the presence of hypertension. In the Fawn-hooded rat, a model of nephrotic proteinuria, two independent loci have been identified, one contributing to proteinuria, the other to blood pressure regulation [12] . However, this model is not a rich facsimile for hypertension-associated renal disease in humans. The spontaneously hypertensive rat (SHR) was produced by selective breeding on the trait of elevated blood pressure and resulted in several closely related lines sharing the hypertensive trait, but differing in susceptibility to renal disease [13] . This model provides a richer phenotypic spectrum in which glomerular and tubulo-interstitial injury co-exist with significant proteinuria in the presence of inflammatory changes and renal fibrosis. There is evidence from mapping and association studies of genetic separation of some renal injury traits from loci affecting blood pressure in SHR lines [13, 14] . However, further work is required to clarify whether a single well-mapped locus by which blood pressure levels differ across renal injury-prone and -resistant SHR lines contains genetic variation affecting blood pressure directly or whether blood pressure is affected secondary to renal injury [14] .
The genetic architecture of renal disease susceptibility
The last 10 years has seen remarkable progress in the identification of genetic variation responsible for heritable renal diseases that show simple Mendelian genetics. The genetic architecture of heritable risk of renal disease in hypertension may arise from single genetic susceptibilities in affected pedigrees, or may reflect transmission of genetic susceptibility at more than one locus in the genome. In the broader population, the allelic spectrum of susceptibility is unknown [15] . The pathogenesis of renal injury is complex and may involve diverse genetic risks including those specifically affecting glomerular structure, those that may produce proteinuria without initial structural damage to the glomerulus, those that may specifically damage tubular structure or function, those that can be associated with more or less inflammatory injury and those which can determine whether disease terminates by replacement of functional renal epithelium with fibrotic scar or with recovery of epithelial function. The decline of renal function in hypertensive patients may include all of these outcomes arising from a single genetic cause. Alternatively, the destruction of renal clearance may be driven by several genetic variants affecting more than one element of pathogenesis.
The complex evolution of renal disease and its impact on multiple elements of normal renal function, its interaction with inflammatory responses, and the participation of immune mechanisms in tissue injury all pose a significant hurdle to progress. This hurdle is made only more difficult by the presence of underlying genetic complexity. One approach to address the complexity of pathology is to disassemble the disease into components that may be more closely attributable to specific underlying genetic variation. These disease elements constitute intermediate phenotypes and include such readily measured traits as albumin excretion and serum creatinine or cystatin c concentration. Many of the desirable intermediate phenotypes can only be assessed by direct analysis of renal tissue. However, routine renal biopsy is not possible across the large numbers of mostly unaffected individuals needed for a populationscale study.
Placing renal disease risk on a map
Success in the application of mapping approaches to rare Mendelian disease prompted the extension of these mapping studies to common disease with more complex patterns of inheritance. These efforts began with the 2001 report from the HyperGEN study of 215 African American (AA) and 265 white hypertensive sibships in which creatinine clearance had been estimated from measurements of serum and urinary creatinine and in which a panel of nearly 400 microsatellite markers distributed across the genome were genotyped [16] . This population was found to have moderate heritability of creatinine clearance that was similar in both whites and AAs. Mapping produced peak LOD scores on chromosome 3 for both populations, however, these peaks were clearly separate, indicating the related underlying genetic variation was different in the two racial groups. Unfortunately, linkage mapping is limited in its ability to precisely localize causative genetic variation and the specific genetic variation to which these peaks are attributable remains unknown. These initial efforts to map genetic loci influencing renal parameters were extended to include proteinuria. These traits were also shown to be heritable with the effect of genes on the trait estimated to range up to 49 % for urinary albumin excretion (Mixed Caucasian and African American [17] ).
A study of urinary albumin excretion in an expanded HyperGEN population of hypertensives was also used to examine heritability of renal disease traits and to perform linkage analysis [17] . The expanded population was made of individuals with a hypertensive proband and at least one hypertensive sibling and again comprised a similar number of white and black Americans. Heritability of urinary albumin excretion was strong with 49 % or trait variance attributed to the effect of genes. Two suggestive LOD peaks were obtained, but this time in the combined population and located on chromosomes 12 and 19. Linkage studies of albuminuria in the Framingham population revealed lower levels of heritability (20 %) while mapping suggested the presence of genetic variation contributing to albuminuria on chromosome 8 and this effect was noted both in the overall population as well as in a subset enriched for hypertension [18] . The lack of clear and distinct LOD peaks suggests complexity in the underlying genetic susceptibility to these measures of renal function and reveals no concordance between loci linked to glomerular filtration and to albuminuria. To investigate the relationship between these two variables further, both were examined in a bivariate linkage study in the HyperGEN population [19] . The mapped LOD score peaks were again only suggestive, and again lack substantial concurrence with earlier mapping efforts and again suggested that there was no detectable overlap between loci that may be involved in albuminuria and in glomerular filtration. Studies in a Mexican-American population used similar approaches to estimate heritability for serum creatinine, creatinine clearance, estimated GFR, and albumin excretion [20] . Heritability of each was statistically significant and moderate, ranging from 19-25 %. Linkage mapping identified several LOD peaks for these traits with no evidence of overlap between traits reflecting GFR (serum creatinine, creatinine clearance, and eGFR) and albuminuria.
Linkage analysis studies further strengthened the evidence for heritability of renal function traits, but at the same time revealed the difficulty that would need to be confronted to move forward to identification of causative genetic variation. These difficulties flow from the inconsistent results of mapping studies across and within populations, the poor localization of linkage peaks that result in regions containing many genes, and the lack of major genetic effects associated with linkage peaks. At the same time, the identification of a large number of singlenucleotide polymorphisms (SNP) in diverse human populations provided the impetus for the initiation of genomewide association studies (GWAS), which offered some opportunity to overcome these obstacles to the search for genetic variation underlying heritability.
GWAS: halting progress
A genome-wide association study is a population-based approach, while linkage analysis is performed on collections of affected pedigrees. GWAS uses stable SNP variation and surveys these markers across the genome at very high density. The capacity to genotype hundreds of thousands of SNPs per individual with very high accuracy (and at moderate cost) has been an important predicate to the successful application of this approach. Knowledge of the relative frequency of these SNP alleles in the study population permits selection of SNPs whose allelic variants commonly occur in the population and for which both forms of the bi-allelic variants at each site are also relatively frequent. The underlying principle of GWAS mapping is that genetic recombination erodes linkage between adjacent non-causative SNP markers and trait variation in a population and this erosion is proportionate to the frequency of recombination between the causative variants and the marker variant. Thus, a very dense panel of informative markers will show retention of linkage disequilibrium only between the causative variation and markers that are close to it. Effective marker density can be increased further by imputation, a statistical process that uses linkage disequilibrium to predict the likely allelic state of adjacent untyped SNPs [21, 22] . Compared to linkage analysis, this gives GWAS a fine-scale resolution that can reveal the trait-associated gene.
Such resolution, however, is achievable only with an associated statistical impediment. This is created by the fact that the GWAS test is a unique hypothesis for essentially every SNP genotyped. This requires adjustment of significance thresholds for the large numbers of markers tested; typically a p value of 5 9 10 -8 is used. This places a premium on the use of a large study population size in the discovery phase of mapping. A combination of one or more populations may be used in the discovery phase and additional populations may be used to independently replicate initial findings [23, 24] .
It appears that the GWAS research cycle will be a rather short one. A number of GWAS studies of renal function have been reported that provide sufficient insight to examine what has been learned and whether the optimistic view that such studies will be successful in identifying genes containing variation with sizeable effects on renal function is likely to be attained. Four main conclusions can be reached at this point. First, the approach is a technical success: investigations of indirect phenotypes of renal function can be coupled with very high throughput genotyping technologies and applied across thousands of subjects to produce reliable and replicable results. Second, GWAS studies are able to reliably identify genetic variation closely linked to genes contributing to measures of renal function and disease [25] [26] [27] [28] . Thirdly, with one exception discussed below, genes containing variation with large effects on renal function are not uncovered by this method. Finally, much of the heritability that has been identified in traits of renal function and disease is not explained by the discoveries that GWAS has brought to light.
Measures of renal function and renal disease used in GWAS studies include creatinine clearance calculated from serum and urinary creatinine, estimated glomerular filtration rate (eGFR) calculated from serum creatinine or from serum cystatin c levels and albumin excretion. The study populations used are generally not selected for renal disease and are therefore not chosen because of the presence of hypertension. These populations include individuals with and without diminished renal function, with and without hypertension, and with and without diabetes. The typical study design has included a discovery phase in one or more populations and a replication phase to test the reproducibility of the discoveries in an independent population. This design is effective at eliminating falsepositives. However, it incurs some risk of eliminating truepositives that fail to replicate in the smaller follow-up study.
A notable aspect of renal function GWAS studies is that several of the variants identified as associated with renal traits (CST3, GATM, CPS1, SLC22A2, TMEM60, WDR37, SLC6A13, WDR72, and TBX2) were probably identified because they directly affect the renal function marker assessed in the study rather than reflecting the underlying function the marker is intended to indicate [26, 27] . Cystatin c is a secreted protein used as an indicator of renal filtration. Variation in CST3, which encodes cystatin c, has been associated with serum cystatin c levels and estimated GFR. However, the underlying genetic variation probably affects serum levels of cystatin c directly, rather than through any effect on renal function. Several genes containing variation associated with eGFR estimated from serum creatinine levels, but not eGFR estimated from serum cystatin levels appear likely to be involved in creatinine synthesis or secretion [29] . While these findings are not helpful in understanding the genetic basis of renal disease, they are testimony to the sensitivity and reliability of the GWAS approach, revealing that even variants with quite small allelic effects can be routinely uncovered.
Other genes were found to be associated with renal function that did not appear to affect renal function marker scores directly. However, often the relationship between these genes and their mechanism to induce alterations in renal function is not very clear and the magnitude of the effect of the allelic variants on renal function is generally very small. Further, the effects attributable to each of these variants can account for only a part of the total heritability of these traits. For example, ANXA9 encodes an annexin that differs in its calcium-dependent binding properties compared to other annexins, but its explicit function in the kidney is not well defined. Stanniocalcin 1 (STC1) may have anti-inflammatory properties by acting in the regulation of mitochondrial anti-oxidant pathways [30, 31] . Uromodulin links adaptive and innate immunity in the urinary tract via the Toll-like receptor (TLR4), suggesting defense from Gram-negative bacterial infection [32] .
By excluding the likely presence of common genetic variants with large phenotypic effects, GWAS studies have added some clarity to the genetic architecture of heritable risk of loss of renal function. They have shown that this risk is real, they have identified genes through which this risk may be manifest, and they have shown that the effects associated with individual common alleles are smaller than expected. These findings are unlikely to impact the clinical approach to this disease. Genes containing variants with moderate to large effects have not been identified. These studies have not fully clarified whether the set of alleles creating susceptibility to hypertension and the set of alleles creating susceptibility to renal injury in hypertension overlap. GWAS studies in which blood pressure genetics and renal function genetics have been the primary focus have yield only limited support for such overlap. Genes containing variation that may be relevant to both blood pressure and renal function include UMOD [27, 33, 34] and ATXN2 [27, 35] . While the optimistic view of GWAS studies was that they would identify common variants with substantial trait effects, the diminished outcomes are balanced by the fact that GWAS studies have led to important clarification of the field. This in turn can sharpen the focus on other hypotheses by which genetic and other mechanisms might account for familiality of disease risk.
Admixture aids GWAS progress
Hypertensive renal disease is notably frequent among African Americans (AAs) [5] and the heritability of indicators of renal injury is generally higher in this subpopulation [6, 36] . This suggests that in AAs alleles that are enriched due to ancestry may include alleles creating susceptibility to renal disease. Admixture mapping uses populations containing individuals of mixed ancestries. Divergence in the presence or frequency of allelic variants in populations with different ancestry provides a means to identify among admixed individuals those segments of the genome that reflect the different origins of their mixed ancestry. With continued mixing over many generations, these regions are broken down by recombination and are less distinct. If admixture has extended over only a few generations, identification of the origin of different haplotypes present across the genome is reliably achievable with high-density SNP markers containing SNPs known to have different population distribution and frequency. Admixture mapping seeks to identify the genomic regions inherited from the high disease incidence ancestral population that occurs at higher frequency in admixed populations in those individuals affected by a disease than in unaffected individuals [37] .
Genome-wide admixture mapping has been used successfully to identify a major genetic locus affecting risk of reduced renal function in African Americans. The risk appears to be dissociated from diabetic renal injury, but not from renal injury attributable to hypertension or HIV infection. The mapped region contains two genes that may be involved in pathogenesis, MYH9, an unconventional myosin, and APOL1, an apolipoprotein [38, 39] . Variation in MYH9 is strongly associated with disease risk, but variation in the adjacent APOL1 gene appears to provide resistance to trypanosome infection [40, 41] . This presents the possibility that selection has acted on this locus to increase the frequency of an allele of APOL1 that is adaptive in geographic regions, such as parts of Africa, with endemic trypanosome infection. Renal risk-enhancing alleles of MYH9 (in linkage disequilibrium with the APOL1) may have increased in frequency in this population as a result of the action of selection on the adaptive APOL1 variation. There remain important unanswered questions, however, that illustrate the difficulty that can be encountered even when causative variation with large trait effects is mapped at very fine resolution. The precise variation contributing to disease risk is not yet known, and consequently the disease mechanism is also not understood at a cell and molecular level. Mutation in MYH9 is associated with Mendelian glomerular disease [42, 43] and proteinuria in MYH9 knockout mice that have been treated with nephrotoxins [44] . This indicates the possible importance of MYH9 in development of renal disease in hypertensive AAs. However, the evidence implicating MYH9 variation in humans is incomplete, and is complicated by the fact that APOL1 variants have a stronger association with disease [40, 45] .
GWAS and epistasis
Genome-wide association studies were designed to test the hypothesis that allelic variation contributing to heritability of common disease would involve a limited number of common alleles of relatively large effect, as predicted in the ''common disease:common gene'' hypothesis. The capacity of the variation that has been uncovered by GWAS studies to account fully for the heritable effects on disease risk is frequently limited, resulting in the term ''missing heritability'' to describe the shortfall. Consequently, the underlying presumptions that have motivated GWAS are now under reconsideration, and it is possible that other mechanisms may account for the gap between what GWAS set out to achieve and what has been accomplished.
It is worth considering the alternative explanations that may account for the incomplete success of GWAS to uncover variation (excluding the MYH9/APOL1 locus) that contributes to heritability of renal disease risk and to examine the challenges to investigate them. One possibility is that heritability is attributable to a substantial number of rare variants in the population that have large effects, but in relatively few individuals. GWAS cannot effectively investigate this type of genetic architecture and was never intended to discover such genes.
Another possibility is that interactions between multiple susceptibility variants combine to produce non-additive effects on traits. This interaction is called epistasis. It contemplates that, in an outbred population like humans, there is extensive genetic diversity comprising independent loci containing allelic variants that can have relatively large effects on traits. Within any individual, many such variants may exist and most of the effects of each of the variants present are non-additive. This might be because a variant acts on a trait to alter a critical element of a biological pathway affecting the trait. If another variant at another locus produces a similar effect on the same trait, it may not be able to perturb the trait further in the presence of the first variant. This will tend to mask the effect of the second variant. It has recently been proposed that GWAS has in fact largely discovered the variants that cause most of the heritability of the polygenic traits they have investigated [46] . It is proposed that these traits depend on a rate-limiting value influenced by inputs from multiple pathways and that, as the number of inputs to this ratelimiting value increases, so the influence of epistatic interactions that are sub-additive is likely to increase. Thus, the amount of the heritability of the trait that is explained is lessened as the number of inputs increases.
There are some experimental models in which such interactions tend to support this view. For example, data obtained in several rodent consomic strains in which individual chromosomes from one inbred strain are replaced with chromosomes from another inbred strain differing in a trait. It has been observed that many single chromosomal replacements can affect the trait value and that, if summed together additively, the effect of the replacements can far exceed the size of the trait difference across the progenitor strains [47] . This implies that epistatic interaction in the progenitor strains prevents the trait from reaching the summed levels implied by the isolated effects arising from individual chromosomes. While this data is quite convincing, it is notable that selective breeding of outbred strains is often highly successful in driving phenotypic effects far in excess of the variance observed in these strains [48] . This implies the presence in the progenitors of genetic variation that can be aggregated by selective breeding without substantial loss attributable to sub-additive effects. Indeed, in at least one model of renal disease involving natural allelic variation, epistatic interactions have been shown to generate greater than additive trait effects [49] . Unfortunately, epistasis is a challenging property to investigate in human populations. The problem of detecting epistasis is increased by the potentially high dimensionality of the task.
G and E
The effect of genetic variation on a trait may be highly sensitive to different inputs an individual receives from its environment. It is very challenging to uncover genetic variants that have this property. In human population genetics studies, there is no possibility to control environmental exposures. These can be investigated by extensive subject profiling, for example through collection of dietary information via recall or through the detection of environmental exposures via analysis of urine or serum. However, it may be necessary to study populations containing members with markedly different environmental exposures to identify the main effects, and the cost and complexity created by such studies is an obstacle.
Questions unanswered by GWAS because they were unasked
The reliance of GWAS on pre-designed high-throughput genotyping systems can lead to gaps in the analysis. For example, common SNP variation in some genomic regions may be poorly represented on these genotyping platforms. Another possibility is that forms of genetic variation such as copy number variants, deletions, insertions and inversions, may be involved in trait modification. These types of variation are not directly tested by high-throughput genotyping platforms targeting SNPs, though some SNPbased methods attempt to account for them when they are known.
Non-Mendelian inheritance
The extraordinary success that has been accomplished by applying Mendelian principles to understanding single gene traits provided the foundation for GWAS studies directed at complex traits. GWAS relies on the concepts of chromosomal inheritance and Mendelian genetics. However, single gene traits differ from complex traits: they typically have high heritability, moderate to high penetrance, and generate distinct phenotypes affecting a small number of individuals. One intriguing possibility is that heritability unaccounted for by GWAS may be transmitted through mechanisms other than Mendelian chromosomal inheritance. It is important to consider this possibility because heritability estimates for complex disease traits are typically made in nuclear families. However, GWAS studies are population studies, not family studies. Thus, the heritability gap might result from mechanisms of trait sharing that operate among closely related individuals, but that may not be similarly discernable across populations.
Non-Mendelian inheritance occurs through a number of well-recognized mechanisms. Inheritance of traits can be extra-nuclear, dependent on sequence differences in the mitochondrial genome so that inheritance is entirely determined by the allelic state of the mother. De novo mutation provides another mechanism and is most notably associated with genomic instability arising in trinucleotide repeats. These can result in the emergence of heritable traits in which parents and progeny do not share alleles. Gene conversion provides another mechanism leading to non-Mendelian trait transmission. Gene conversion occurs during genomic sequence repair after recombination and involves the use of one chromosomal strand to repair the strand acquired from the other parent, resulting in the conversion of one parental allele to the state of the other diploid allele and a loss of heterozygosity at the repaired locus.
The genes that are passed from parents to progeny may be subject to modifications that do not alter their DNA sequence, but do affect the expression of the modified allele. The broad term for phenomena in which parental factors influence traits in progeny by marking genomic DNA is ''epigenetics''. This genetic imprinting is a recently evolved mechanism of epigenetic inheritance present only in marsupials and placental mammals. This is a mechanism in which certain genes are expressed in a parent-of-originspecific manner and which depends on germ-line methylation of progeny DNA, notably in the cytosine and guanine-rich promoter regions of certain genes. Maternal influences during gestation may result in epigenetic silencing of either paternal or maternal alleles. This mechanism of divergence from Mendelian control over traits may have its origins in the role of the mother in the pre-and post-natal provisioning of offspring with resources [50, 51] . The metabolic cost to the mother of raising progeny is greater than the cost to the father. This creates a potential conflict between maternal and paternal ''interests'' that may be manifest through paternal alleles that tend to drive higher maternal resource consumption and maternal mechanisms to suppress progeny resource consumption that is directed by paternal alleles. Imprinting ultimately gives greater control over progeny phenotype (and therefore maternal resource consumption) through the action of maternally directed imprinting mechanisms [51] .
Imprinting is a durable, but transitory process, requiring erasure and re-establishment at each generation (during gametogenesis and in the early embryo), and perhaps thereby permitting some scope for adaptive responses driven by environmental inputs, such as nutrition, an epigenetic mechanisms with origins as ancient as insects [52] .
Epigenetics via other means
The availability of inbred rodent strains provides a simplified genetic platform on which non-Mendelian inheritance patterns might be more clearly recognizable than in outbred populations. Nadeau and colleagues [53] have reported interesting studies investigating heritable traits in which phenotype is transmitted in the absence of a causative genotype. These studies utilize consomic mouse lines derived from two inbred mice strains constituting a panel of lines in which a single chromosomal substitution has been made so that each consomic line has all of the chromosomes of its inbred progenitor line, except for one that has been introgressed from another inbred strain. Two matings were made: one involving a pair of non-consomic inbred mice of the same strain and another involving an inbred female of the same strain mated to a consomic male that is genetically identical to this female except that this male contains the Y chromosome derived from a different strain (Fig. 2) . The female progeny do not possess a Y chromosome so progeny of both the first and second of the two preceding crosses are genetically identical. However, the progeny may not be phenotypically identical. Phenotypic differences between the two sets of female progeny cannot be attributable to Mendelian genetic differences.
These strains provide an interesting platform to assess the frequency and magnitude of traits that are heritable, but that are not attributable to the transmission of genes. Nadeau has used crosses between consomic lines to assess the typical frequency and magnitude of Mendelian traits arising from the transmission of autosomes in such crosses and has then investigated whether and with what frequency and magnitude traits are transmitted that are attributable only to the untransmitted Y chromosome [53] . After surveying a diverse array of behavioral traits, they concluded that traits arising from the non-transmitted paternal Y chromosome were similar in frequency and magnitude to those attributable to the transmitted autosomes. This raises a rather vexing question: how can traits be transmitted in the absence of differences in DNA? These investigators endeavored to control or eliminate confounding social or environmental factors. Their findings are particularly perplexing because of the small number of genes on the Y chromosome and raise a number of important questions.
For example, if such heritable transgenerational effects can arise from the Y chromosome, can they also arise from the autosomes and X chromosome? And what could be the molecular basis of such effects? Are they wholly dependent on the genotype of the Y chromosome or do they involve interaction between the paternal genotype and the progeny genotype so that the untransmitted Y chromosome effect may be different in one genetic background than in another? At present, there is little knowledge that can explain these observations at the molecular level. Perhaps they are attributable to paternal effects to induce DNA modifications or histone methylation in the progeny genome. Perhaps there is an additional mechanism of maternal and paternal genetic competition that affects traits more broadly than resource competition and exists at a molecular level that is not yet understood. What is clear is that, if these same genetic mechanisms are at work in human populations, they might easily affect complex traits and uncouple the relationship between genotype and phenotype that is the foundation of Mendelian genetic investigations. The transgenerational traits that have been described are behavioral traits, however, there is also evidence of transgenerational trait transmission from the paternal lineage that affects metabolic traits [9, 54] .
The enduring gift of immunity
The transmission of pre-formed immunological competence in the form of maternal immunoglobulins to progeny whose immune systems are immature is an important mechanism for providing progeny with adaptive Fig. 2 Breeding design for testing the effect of transgenerational effects attributable to the Y chromosome. The breeding pair on the left side comprises a male and female of the ''A'' inbred strain. The pair on the right side comprises a female of the A strain, and a consomic male of the A strain in which the Y chromosome of the ''B'' strain has been introgressed. The female progeny of both matings will lack any Y chromosome and will therefore be genetically identical to females of the inbred A strain. If the Y chromosome from the B strain produces transgeneration traits then phenotypes in the two genetically identical female progeny may differ advantages via transfer of non-genomic maternal resources. This adaptive advantage provides another method by which progeny phenotype can be shaped independently of its DNA. Trans-generational immune molecule transfer appears to have a more ancient evolutionary history than genetic imprinting. Although transfer through the placenta is a key route of immunoglobulin transfer in mammals, immunoglobulin provisioning precedes the evolution of placental mammals. Its occurrence in birds and mammals through the transfer of immunoglobulins either via the yolk, the placenta, and lactation is well understood [55] [56] [57] . Indeed, such protection with pre-formed natural defense molecules precedes even the development of immunoglobulins and occurs even in insects [58] . The most obvious benefit of maternal progeny immunoglobulin transfer is the provision of temporary passive immunity to the progeny until their own immune systems are able to react to interaction with antigens. However, there are secondary implications that can persistently shape progeny traits over a much larger part of the progeny lifespan. This is well illustrated by experiments in inbred rodent models where maternal immunoglobulin transmission to progeny has a strong impact on the penetrance of traits involving diseases such as type 1 diabetes and atherosclerosis [59, 60] . These effects endure beyond the period of passive immunization, and may persist over more than one generation [61] , suggesting that maternal immunoglobulin shapes the future reactivity of the progeny immune system [62] [63] [64] .
Immunoglobulin transfer between mother and progeny may have effects by influencing the subsequent development of the progeny immune system, reflecting the operation of the immune system as an information network [65] . The immune system reacts to foreign substances by producing antibodies. However, in addition to this outward surveillance, the immune system is also self-monitoring and self-reacting. Antibodies generated to an antigen are the result of a B cell response and clonal selection that includes differential usage of many exons encoding structural elements of immunoglobulin [66] and recombination events that generate novel somatic DNA sequence to optimize antigen recognition [67] . The resulting antibodies are called idiotypic antibodies. The recombination of variable regions of immunoglobulin results in the production of immunoglobulins that are themselves immunogenic because they contain amino acid sequences different from those in the animal's germ line. Thus, a network of antibody responses may result from exposure to a single antigen to include outwardly looking idiotypic antibodies as well as inwardly looking anti-idiotypic antibodies produced in response to the idiotypic antibodies (and anti-anti-idiotypic antibodies, etc.). Remarkably, progeny immune responses can be shaped over long periods of time by exposure to maternally transmitted idiotypic antibodies, and also to antiidiotypic antibodies [64] . Thus, the whole network of immunoglobulins produced in response to maternal antigen exposure has the capacity to convey information to progeny that shapes the progeny's immune response to subsequent antigen exposure. This may be highly relevant to genetic studies of autoimmune diseases. For example, asthma has substantial heritability and involves IgE-mediated responses to allergens [68, 69] . The genotype:phenotype relationship of the asthma trait may be uncoupled by nongenetic mechanisms arising from maternal immunoglobulin transfer where progeny response to asthma-inducing allergens can be heavily modified by maternally transferred immunoglobulin [64] .
Work in the rat SHR model of arterial hypertension indicates that blood pressure traits are strongly influenced by exposure both to the maternal uterine environment, as shown by SHR embryo transfer experiments into normotensive recipients, and by changes in the neonatal environment such as fostering of pups to normotensive surrogate mothers [70] [71] [72] . Furthermore, there is extensive sequence variation in the immunoglobulin heavy chain locus that appears to affect susceptibility to kidney disease in this model of hypertension [73] . Similar allotypic germline variation occurs in human immunoglobulins and has the potential to affect traits in a number of human diseases that have an inflammatory component [74] [75] [76] [77] [78] . Unfortunately, this germ-line variation is absent from the HapMap collection of SNPs used in the design of GWAS genotyping systems, so the involvement of SNP variation in this locus in diseases and traits tested by GWAS may not be recognized [79] .
Conclusions
Single-nucleotide polymorphism markers that closely pinpoint genes and other genome sequences that may influence risk of renal disease in hypertension have been reliably uncovered by GWAS studies. GWAS can be extended to include larger study populations or to refine disease phenotypes to maximize the discovery of such variants. However, these studies seem unlikely to be able to explain the larger part of the heritable risk of renal diseases. Other factors may contribute to familial aggregation of risk of hypertensive renal disease. These include rare genetic variants, epistatic interactions among genetic variants, gene-environment interactions and mechanisms of transgenerational inheritance that arise from altered gene expression resulting from histone modification and DNA methylation, and the transgenerational transmission of proteins from parent to progeny. P, Tukiainen T, Wurtz P, Twee-Hee Ong R, Dorr M, Kroemer
